The genetic relationships between isolates of Puccinia triticina virulent on wheat with the Lr26 resistance gene were studied. The diversity within and between isolates of P. triticina from Israel, Europe, and the United States was determined by virulence on near-isogenic Thatcher lines and by random amplified polymorphic DNA. According to the molecular markers, isolates that were virulent on Lr26 had diversity levels similar to those of Lr26 nonpathogenic isolates. Distances between subpopulations of isolates virulent and avirulent on Lr26 varied and were unrelated to the Lr26 virulence phenotype. Cluster analysis suggested four groups, three of which were closely associated with the geographical origin of the isolates-Israel, the United States, and Europe. All four groups included both Lr26 virulent and avirulent pathotypes. The results showed that Lr26 virulent rust pathotypes are as genetically dissimilar as the rest of the population. The cluster analysis showed that the rust population in Israel includes at least two different subpopulations, both of which contain Lr26 virulent and Lr26 avirulent isolates.
Leaf rust of wheat is caused by Puccinia triticina Eriks., a fungus that is widespread throughout the world and accounts for major yield losses each year (1, 25, 26) . Epidemiology of the disease is largely affected by (i) dispersal of the fungus over long distances through wind transmission of the asexual urediniospores (21) and (ii) ability of local rust populations to match the leaf rust (Lr) resistance genes in wheat cultivars grown in these areas. The sexual stage of P. triticina occurs on the aecial (alternate) host Thalictrum speciosissimum, which grows only in southern Europe. Due to lack of the aecial host, sexual reproduction in nature is very rare, and in practice, P. triticina reproduces asexually, although isolates of P. triticina have retained the capacity of sexual reproduction (1) . As a result, P. triticina populations tend to clonality, and differences in the virulence pattern among populations may be indicative of separate epidemiological zones. The current division of P. triticina into epidemiological zones has been derived from the global and regional wind patterns and is based on the assessment of virulence polymorphism in rust populations (23, 31) . In addition, the genetic background of local wheat populations influences the composition of virulence phenotypes in a given rust population (4, 8, 30) .
Resistance to leaf rust is conferred by single dominant genes that are designated Lr genes (26) . Over 40 such genes are currently known and used in wheat breeding programs (17) . Appearance of virulent rust isolates often occurs soon after the introduction of a new Lr gene is widespread, and is well documented (15, 30) . This phenomenon can be explained in several ways, e.g., by introduction of new races, new mutation, or by host selection (4, 8, 9, 30 ). Yet, the precise mechanism by which new rust pathotypes evolve and the dynamics of the build up of virulent populations are only partly understood. The appearance of P. triticina pathotypes with virulence on Lr26 (Lr26 + ) and their widespread distribution in local populations worldwide provide an example for the dynamics of this process. The source of the Lr26 resistance is hybrid derivatives of cultivated wheat and rye cv. Petkus with a chromosomal translocation IB/IR, which were produced in the 1930s in Germany (7, 27) . The complete resistance against leaf rust (as well as resistance to stripe and stem rusts and to powdery mildew) that was conferred by this translocation has made it highly popular among breeders. Commercial wheat cultivars with the Lr26 gene were introduced in the 1950s and over 400 wheat cultivars that carry the IB/IR translocation have been produced over the years. P. triticina isolates that are virulent on Lr26 were first reported in the 1960s (1) . Since then, a steady increase in the level of Lr26 virulent isolates has been recorded. By the late 1980s and early 1990s, Lr26 + pathotypes were dominant in many locations. No clear correlation was noted between the level of Lr26 + and the presence of wheat cultivars that carry the Lr26 resistance locus. In the United States, this race was reported for the first time in 1986 at a rate of 1%, and increased to 46% of the isolates, while most of the wheat cultivars grown in this region did not contain the Lr26 resistance (15) . Similar findings have been reported from Israel (5).
Leaf rust is one of the most widespread diseases of wheat in Israel. The current paradigm suggests that new isolates are introduced every year by airborne urediniospores that arrive at the end of the winter (March to April) and infect wheat fields. The origin of the inoculum is unclear (5) . The first report of Lr26 + isolates in Israel was in 1988 from wild wheat (5). According to a rust survey from 1992 to 1993, only 2.5% of the rust isolates in Israel were virulent on Lr26. This number increased steadily during the last decade, reaching 50% in 1997 (16) . It is noteworthy that the wheat cultivars used in Israel do not contain the Lr26 resistance locus.
In this work, we compared the genetic diversity in Lr26 + and Lr26 -isolates using molecular and virulence markers. Our research objective was to determine whether Lr26 + isolates form a distinct subpopulation (i.e., a cluster) or whether they are genetically similar to the general population. Diversity analysis. Diversity and distance indices and their statistics were calculated from the virulence and RAPD patterns for all major groups, subgroups, and clusters. The virulence data included the isolate patterns on 16 differential lines without Lr26. The Lr26 virulence data were not considered because response on Lr26 was used as the grouping parameter and therefore the selection of Lr26 virulence types was not random. The RAPD data consisted of the isolate patterns that resulted from the 54 amplification products produced by the six primers that were mentioned previously. Bootstrapping across isolates was realized, and 50 random samples of 60 isolates (sampling with replacement) were drawn in each case. Dissimilarity between two isolates was calculated by the simple mismatch coefficient (29) , defined as the normalized number of differentials (virulence markers) or amplification products (RAPD markers) on which the isolates responded differently. In addition, the Jaccard and the Dice coefficients (29) were used for analysis of RAPD data.
We used the Kosman's, Kb, (12, 16 ) and Nei's, Nei, (22) distances to measure diversity between groups of isolates, and the Kosman's indices, Kw and Kdiv, (12, 16) and the normalized form of Shannon's entropy, Sh, (6) to estimate diversities within groups. All measures of diversity between and within populations were calculated by the KOIND software package (28) . For interpretation of the data, we used the Kosman's indices because they were specifically designed for characterization of plant pathogen populations, which mainly reproduce asexually and therefore consist of clonal lineages (12, 16) . All of the comparisons of diversities were between mean values for corresponding random samples of indices, which were calculated for each bootstrapped sample of isolates. Differences between these means, if stated, were statistically significant at α = 0.05 according to the Student's t test.
Cluster analysis. Clustering was performed by the UPGMA dendrograms method (unweighted pair group arithmetic mean method) and by the matrix structuring technique (11) . The dendrograms method is based on the principle of local optimality when the nearest items (isolates) are grouped. This may result in a situation that two or more items are placed very far from each other in the final dendrogram, although the actual distance between them may be relatively small, but not the smallest. In such a case, the dendrogram does not provide any evidence of proximity between the items, and closely related items might be placed on different branches of the dendrogram although they may belong to the same cluster. The matrix structuring technique is theoretically based on the principle of global optimality. The principle of this method is rearrangement of a given list of items (isolates) in a way that minimizes the sum of distances between consecutive items in an ordered list derived. In this case, the two nearest items with respect to distance are not necessarily the nearest neighbors in the obtained ordered list of items. Arrangement of items in a distance matrix according to the new order yields the structuring form of the matrix where the actual distance values are grouped and presented by symbols rather than by actual numbers. Clusters of similar items are produced according to the structuring form of the distance matrix (11, 13) . However, any item that belongs to one group can theoretically be closely related to some items from a different group. Such proximity can be revealed by means of the structuring form of distance matrix, whereas in dendrograms, such proximity will be overlooked. The two methods complement each other and allow flexible decisions about cluster composition.
Clusters of isolates were constructed for virulence (on all 17 differential lines including Lr26) and RAPD markers. The UP-GMA dendrograms were derived using NTSYSpc package, version 2.1 (Exeter Software, Setauket, NY). The similarity between all pairs of isolates was calculated according to the simple match coefficient for the virulence data, whereas in the case of RAPD data, three dendrograms based on the simple match, Jaccard and Dice coefficients were constructed. Only the dendrogram generated for the RAPD markers with respect to the simple match coefficient is presented. The cophenetic correlation was calculated to measure merit of fit for clustering by the dendrogram.
The matrix structuring technique with respect to the simple mismatch coefficient was realized for revealing clusters on the basis of the structured form of the distance matrix. Only the structured form of the distance matrix generated for the RAPD markers is presented.
Clusters were generated using findings of both the dendrogram and the matrix structuring methods. Homogeneity of isolates within groups was assessed by the Kosman measure of diversity within population (Kw): low diversity means high homogeneity and vice versa. The Kosman distance (Kb) was used to measure groups' differentiation: two groups are more distinct if and only if the distance is greater. The expected clustering solution was supported by relatively high values of groups' homogeneity as well as by considerable difference between clusters. The corresponding estimates of diversities and distances were obtained as the average of bootstrap samples across isolates from the groups tested. Difference between estimates was declared if it was statistically significant at α = 0.05 according to the Student's t test.
The Pearson correlation between virulence and RAPD differences of paired isolates was calculated to determine the relationship between virulence and RAPD phenotypes.
RESULTS
A total of 49 different virulence phenotypes were scored. Unique RAPD profiles were obtained for all isolates.
Diversity within and between groups. The virulence diversity among Israeli isolates was significantly lower than that of isolates from Europe and the United States (Fig. 1A) . In contrast, the genetic diversity within the Israeli isolates as estimated by the RAPD data was similar to and even higher than the diversity within the European and U.S. isolates (Fig. 1B) . These results suggest a greater uniformity of the virulence structure in the Israeli isolates than in the other isolates, but a similar level of genetic diversity, as estimated by the RAPD markers.
Distances between the different groups were evaluated according to the Kosman (Kb) and Nei indices. Minor differences were observed in the distances between the different groups according to the virulence markers with opposite results obtained by the Nei and Kb indices ( Fig. 2A) . According to the RAPD markers, the largest distance was between Israeli and European isolates (Kb = 0.297, Nei = 0.192), with both indices providing similar results (Fig. 2B) . Although the differences in the distances between the Israeli isolates and the other two groups were statistically significant, these differences were relatively small. Therefore, it does not seem that the Israeli group is genetically more closely associated with one of the European or U.S. groups.
In order to test whether the Lr26 + isolates are genetically more related to each other than to randomly picked isolates, we compared the indices of diversity within and between Lr26 + and Lr26 -subgroups. First, the total Lr26 + isolates were compared with the total Lr26 -isolates and with the general population. Then, the Lr26 + isolates from each of Israel, Europe, and the United States were analyzed and compared with the corresponding Lr26 -isolates. The calculated diversity (Kw) within the entire collection of Lr26 + isolates was similar to the diversity within the entire population (0.418 and 0.417, respectively, for the RAPD markers) and somewhat higher than the diversity within the Lr26 -isolates (0.418 versus 0.373). According to the virulence markers, the diversity level of the Lr26 -isolates from Israel, as measured by Kw and Kdiv, was about 60% greater than that of the Lr26 + isolates (Fig. 3A) . Still, the diversity levels within the Israeli Lr26 + and Lr26 -isolates were much lower than the diversity levels within any of the other subgroups, as was also found by analysis of the entire Israeli population (Fig. 1A) . According to the RAPD markers, the diversity level within the Lr26 + isolates was always higher than that within the corresponding Lr26 -isolates (Fig. 3B) (Fig. 3) Comparison of the dissimilarity values between all possible pairs (1,770) of all 60 isolates measured by the simple mismatch coefficient for the virulence and RAPD patterns revealed an insignificant correlation of 0.08 between the virulence and the RAPD markers.
Cluster analysis. Clusters were generated for both types of markers by the UPGMA dendrograms. The dendrogram produced for the virulence data on the basis of simple mismatch coefficient did not separate the population into distinct groups (data not shown). The RAPD dendrograms constructed for the simple match, the Jaccard, and the Dice coefficients of similarity were qualitatively similar, and only the dendrogram based on the simple match coefficient is presented (Fig. 4) . Most isolates were clustered into one of four major groups. The majority of the isolates from Israel, including nine Lr26 -and six Lr26 + isolates, belong to the first cluster together with three isolates from the United States. The second and the third clusters consist of 11 isolates from the United States and 15 isolates from Europe, respec- tively. The fourth cluster includes five isolates from Israel and three isolates from the United States. A total of 52 isolates were included in one of the four clusters, and 8 isolates were not associated with any of the main groups. The dendrogram suggests geographically based separation of the majority of the isolates (groups 1 to 3) with sporadic distribution of the Lr26 + isolates among all four groups. The cophenetic correlation was good (0.82) but it was not high enough to make a confident clustering solution on the basis of this dendrogram.
The matrix structuring technique was used along with the dendrogram method to improve the clustering solution. The matrix of the simple mismatch dissimilarities between all pairs of the 60 isolates was transformed into the structured form. The clusters that were generated by the matrix structuring technique (Fig. 5 , s-clusters) were similar to those obtained by the UPGMA dendrogram (Fig. 4, d-clusters) with a few exceptions. For example, isolate 30 is clustered by both methods in the same group that includes mainly Israeli isolates (1d and 1s) . However, the matrix structuring plot shows that this isolate is also similar to isolates 25, 26, 35, and 38, which are clustered in groups 2d and 2s in the dendrogram and in the matrix structuring plot, respectively. On the other hand, isolate 23 belongs to cluster 1d, but it shows close similarity to isolates 25, 26, 28, 33, 34, 35, 36 , and 37, which are grouped in cluster 2d in the dendrogram and cluster 2s in the matrix structuring plot. The isolates were thus separated into new groups that did not include isolates that could be clustered into more than one main group. The four new groups were designated group A, which included only the 15 isolates from Israel, and groups B, C, and D, which are identical to the original clusters 2d, 3d, and 4d, respectively. A total of 49 isolates, including all of the isolates from Israel, 16 isolates from the United States, and 13 isolates from Europe, were represented in these groups. The homogeneity of isolates within the four clusters (A, B, C, and D) and the distances between the clusters confirmed that the isolates in each cluster indeed form a distinct genetic group. The diversity (Kw) according to the RAPD markers within the groups was relatively low and ranged from 0.127 to 0.260 (data not shown), indicating a relative homogeneity of the clusters. According to the virulence data, group D was closer to groups A and B (Kb = 0.150 and 0.237, respectively) than to group C (Kb = 0.269), whereas the distances of group C from the other three groups were almost equal ( Table 2 ). According to the RAPD data, the distances between group D and any of the other three groups were considerably higher than the distances among A, B, and C (Table 2 ). These results suggest that the Israeli isolates may represent two different genetic sources, because group D contains several isolates from Israel that are highly distant from group A, which contains the rest of the Israeli isolates.
DISCUSSION
The diversity levels within groups of P. triticina isolates as measured by virulence and RAPD markers were of opposite order. For virulence, much lower diversity was found in the Israeli isolates compared with that of isolates from Europe and the United States (Fig. 1A) , whereas for the RAPD data, the Israeli isolates had the highest diversity (Fig. 1B) . This result suggests that the two types of markers represent different sources of diversity that contribute to the structure of the examined populations. A major reason for the observed differences may be the influence of the host on the composition of pathogen populations (9, 10, 24) . The virulence phenotypes are far more sensitive to host selection than the RAPD markers, since the frequency of the virulence genes in rust populations is theoretically directly influenced by the spectrum of resistance genes in the wheat on which the population propagates. A selection pressure is imposed by the wheat cultivars that are grown in the region from which the rust isolates arrive (source region). Only genotypes with a combination of virulence genes that can propagate on the wheat genotypes in the source region will be represented in the destination region. The high level of Lr26 + isolates in the Israeli rust population suggests that they may originate from isolates that arrive from regions in which Lr26 wheat cultivars are grown on a large scale. Additionally, the frequency of the different virulence genes in the new population is also influenced by the wheat cultivars that are grown in this area. Therefore, pathotype distribution in this population may be different than that in the source population. These processes may result in relatively low virulence diversity within the new population, especially in populations from small geographical regions where only certain wheat cultivars with a very limited number of Lr gene combinations are used. This phenomenon may be reflected in our results by the low virulence diversity within the Israeli isolates compared with that of U.S. and European isolates that represent much wider geographical re-
pathotypes and is consistent with the current paradigm according to which the rust population in Israel is renewed annually by migrating spores and therefore the pathotype composition does not match the Lr-gene combination in the local wheat population.
RAPD and other genomic markers that are not directly influenced by the host resistance genes are much less affected by host selection and therefore may represent more accurately the genetic diversity within an examined population (2, 18) . The diversity within the Israeli isolates was the highest according to the RAPD data, and overall diversities within the three groups were of relatively moderate range according to the Kw index (Fig. 1B) . This result suggests that despite the relatively low level of virulence diversity, the genetic diversity within the Israeli rust isolates is similar to or even higher than that found in groups of rust isolates collected from considerably wider territories in Europe and the United States.
According to the virulence data, the differences in distances between the three groups were of relatively small range, whereas according to the RAPD markers, the distances between the Israeli and the other isolates were similar to and even higher than the distance between the European and the U.S. isolates (Fig. 2) . These data do not support an exchange of isolates between Israel and Europe, unlike the current distribution zones that categorize part of East Europe and the Middle East in the same epidemiological zone of P. triticina (17, 31) . These differences may be attributed to the differences between the virulence (which is the basis for the current separation into epidemiological zones) and the molecular data that we used in this work.
A major objective of this study was to determine whether isolates of P. triticina that are virulent on wheat with the Lr26 resistance gene have a common genetic origin or, rather, if they result from multiple events that occurred independently in different places and times. Comparison of the diversity within the Lr26 + isolates with the diversity within the Lr26 -isolates and within the entire isolate collection showed that the Lr26 + isolates were as diverse as the rest of the population. This result suggested that the Lr26 + isolates from different places are not more closely related to each other than other isolates and therefore may have originated from different genetic backgrounds. To further test this hypothesis, each of the three major groups (from Israel, Europe, and the United States) was divided into Lr26 + and Lr26 -subgroups and the diversity within and between these subgroups was analyzed. As with the general populations, the lowest genetic diversity according to the virulence markers was among the Israeli subgroups (Fig. 3A) , whereas according to the RAPD data, the Israeli subgroups had a genetic diversity similar to that of the other subgroups (Fig. 3B) . The Lr26 + isolates from all three locations had a genetic diversity similar to and even higher than that of the corresponding Lr26 -isolates (Fig. 3B) . Moreover, there was no specific association between the Lr26 + isolates from the different regions as indicated by the calculated distances (data not shown). These results exclude the possibility that the Lr26 + isolates represent a homogeneous group and imply that Lr26 + isolates developed independently in different places. According to our results, isolates with the ability to overcome the Lr26 resistance gene may have existed at low frequencies in rust populations around the world even before the introduction of the Lr26 gene into cultivated wheat, and their frequencies in the population increased following the introduction and large-scale planting of wheat cultivars with the Lr26 gene.
Interpretation of the data in this study is based on the results obtained by the Kosman's indices (Kw and Kb), which have been developed for analysis of mainly asexually reproducing plant pathogen populations (12, 16) . The commonly used genetic diversity indices take into account frequencies of individual characters (virulence and amplification products, etc.) with no respect to phenotypes, whereas the phenotypic diversity indices are based on the frequencies of phenotypes regardless of how many individual factors these phenotypes share. The Kosman's indices Kw and Kb take into account both the phenotypic structure of populations and the degrees of similarity among distinct phenotypes. There was a general agreement between the Kosman's genetic diversity index (Kdiv) and the major diversity index (Kw), although minor differences were revealed in some cases. The differences between the Kw and the Shannon normalized (Sh) indices were much greater and opposite results were obtained in a few cases. For example, according to the RAPD data, the diversity level within the Israeli Lr26 + isolates, as evaluated by the Sh index, was significantly greater than the diversity within U.S. Lr26 + isolates, while opposite relationships were obtained with the Kw index (Fig. 3B) . Differences also were found between the Kb and the Nei indices (for example, the virulence data in Fig. 2A) . The results of this study support previous observations about the accuracy of the Kosman's indices for measurement of diversity within and between populations of plant pathogens with respect to other indices (12, 16) . It is therefore recommended that the genetic or the phenotypic diversity indices together with the Kosman's indices of diversity be used to analyze populations of plant pathogens.
Cluster analysis was performed by the UPGMA dendrograms method and by the matrix structuring technique (11) . The structure of the UPGMA dendrograms depends on the measure of similarity or dissimilarity between individuals, and in general, different indices may produce distinct results of isolate grouping. The simple mismatch coefficient is suitable and usually used for measuring dissimilarity between isolates in the case of virulence data. On the other hand, there is no general agreement concerning the suitable measure of similarity or dissimilarity between isolates in the case of molecular markers. For example, the simple match, the Jaccard, and the Dice coefficients were used for analysis of RAPD data (19, 20) . Therefore, for confidence, we constructed the UPGMA dendrograms for all three indices of similarity in the case of RAPD patterns. The resulting three dendrograms were qualitatively similar, and therefore, we presented and considered only the UPGMA dendrogram based on the simple match coefficient (Fig. 4) . Clusters of the isolates were generated for both types of markers, but well-defined clusters were generated only with the RAPD markers, while the virulence data produced many small, heterogeneous groups (data not shown). According to the RAPD data, the clusters produced by the dendrogram separated the isolates into four major groups. In the first cluster, most isolates were from Israel, whereas the second and the third clusters included isolates from the United States and Europe, respectively (Fig. 4) . The last cluster included five isolates from different regions in Israel and three isolates from the United States. The structured form of the distance matrix provided a similar separation (Fig. 5) . However, it showed that isolates 22, 23, and 30 (from the United States), placed in cluster 1d in the UPGMA dendrogram (Fig. 4) , are also closely related to isolates from group 2d. These isolates were therefore omitted from cluster 1d, resulting in a new group (group A) that includes only the 15 isolates from Israel. Groups B, C, and D are identical to the original clusters 2d, 3d, and 4d, respectively. Groups A, B, and C, which contained isolates from Israel, the United States, and Europe, respectively, were characterized by low diversity levels (data not shown) compared with that of the corresponding original groups (Fig. 1) . Group D was also characterized by relatively low diversity level (Kw = 0.249), but it was distant from the rest of the groups according to the RAPD data (Table 2) . Thus, the isolates in group D form a distinct cluster and are probably derived from a separate genetic background than the rest of the isolates, including the Israeli isolates from group A. The virulence data did not distinguish between the isolates of group D and the other groups with respect to the diversity between the groups (Table 2) . Based on these results, it is argued that the rust populations in Israel may represent at least two separate genetic sources and possibly also different geographical sources. The regions from which rust arrives in Israel are still unknown but the current study does not support Europe as a major source. Considering the wheat growing seasons and the wind patterns, one possibility may be that isolates arrive in Israel from Africa and are then transmitted in the north or northeast. This hypothesis might be tested by comparison of the Israeli isolates with rust isolates, e.g., from Kenya, Egypt, Turkey, Russia, or Iran.
The findings of this study suggest that the Lr26 + phenotype is not a new trait of P. triticina in Israel and did not evolve as a result of the introduction of wheat cultivars with the Lr26 resistance gene. On the other hand, the appearance of large populations of Lr26 + pathotypes is probably due to large-scale introduction of wheat cultivars that carry the Lr26 resistance gene in other regions. The advantage of the molecular markers over the virulence phenotypic markers for assessment of genetic diversity in populations of plant pathogens has been demonstrated in previous studies (3, 10, 18) . Our results further emphasize the differences between molecular and phenotypic markers. The utility of the virulence markers is mainly for assessment of host influence and for determination of heterogeneity levels in the population. However, these markers are less appropriate for estimation of genetic diversity levels because the frequencies of the virulence genes are strongly influenced by regional factors and therefore do not reflect the overall genetic potential in a given population.
